ABSTRACT Unmanned aerial vehicles (UAVs), benefit by low cost, fast deployment, and large coverage, are widely applied as aerial relays in providing communication services for the areas with heavy traffic load or disasters. In this paper, the capacity of UAV relaying networks is studied, where the UAVs act as relays for the ground users. Two scenarios of UAVs distributed on an aerial 2-D plane and in a 3-D space are studied. The analysis reveals that in order to control the air-to-ground interference, the altitude of UAVs is at most in the same order to the distance between two adjacent UAVs. Besides, it is discovered that the pathloss exponent value α = 2.5 is a watershed for the capacity of UAV relaying networks, i.e., when α ≤ 2.5, the capacity of UAV relaying networks with the 2-D deployment of UAVs is greater than that with the 3-D deployment of UAVs. Otherwise, the capacity of UAV relaying networks with the 3-D deployment of UAVs is larger than that with the 2-D deployment of UAVs. Furthermore, the mobility of UAVs is studied, and it is verified that the mobility can orderly improve the capacity of UAV relaying networks. The theoretical analysis of this paper provides a guideline for the deployment of UAVs as aerial relays.
I. INTRODUCTION
Due to the fast deployment and large coverage of UAVs, they are widely used as aerial relays to provide ubiquitous wireless connections [1] . The UAVs acting as relays can relieve the mismatch between the diverse traffic load and the fixed ground infrastructures [2] . In the areas with disasters, the UAVs acting as aerial relays can be deployed to connect the rescue persons [3] . Besides, UAVs can be applied to relay the data of the vehicular ad hoc networks (VANETs) [4] .
In the UAV relaying networks, the performance analysis, the optimization of maneuvering and resource allocation schemes were studied. As for the performance analysis, Zhan et al. [5] studied the ergodic normalized transmission rate of the links between the ground users and UAVs. Sboui et al. [6] studied the achievable rates of cognitive radio networks with UAVs acting as relays.
As for the optimization of maneuvering of UAVs. Lyu et al. [7] studied the placement optimization of UAVs, which aims to provide wireless coverage with the minimum number of UAVs. In [7] , all UAVs are deployed at the same altitude, namely, the UAVs are distributed on an aerial 2D plane. Mozaffari et al. [8] studied the optimal 3D placement of UAVs to maximize the downlink coverage probability, where the UAVs are distributed in a 3D space. Chen et al. [9] studied the optimal altitude of UAVs to maximize the reliability of UAV relaying networks. Choi et al. [10] studied the scenario where a UAV acts as relay for two ground users and they optimized the circular maneuvering of UAV such as speed and load factor.
Besides the optimization of locations and speeds of UAVs, the resource allocation of UAV relaying networks is also an active research area. Multi-layer UAVs are adopted to construct a 3D cellular network in [11] and the resource allocation problem in minimizing the delay was studied. An energy-efficient transmission scheduling scheme for UAV relaying networks was proposed in [12] . The optimal resource allocation schemes in maximizing the throughput of UAV relaying networks was studied in [13] . By implementing caching function at UAV-mounted BSs, Chen et al. [14] jointly optimized the user associations, the placement of UAVs, and the contents caching scheme to maximize the quality-of-experience (QoE) of users and minimize the power consumption of UAVs.
In the existing literatures studying the UAV relaying networks, the communications among UAVs are rarely considered. However, as illustrated in Fig. 1 and Fig. 2 , with the UAVs forming an aerial ad hoc network, the UAVs can provide seamless coverage to the ground users on a large area. Hence, the communications among UAVs are critical in enhancing the coverage of multi-UAV networks. To the best of our knowledge, the capacity of UAV relaying networks with multiple UAVs forming an aerial ad hoc network has not been addressed, which is the topic of this paper. With the theoretical analysis of the capacity of UAV relaying networks, the deployment of UAVs has a guideline. For example, Lyu et al. [7] assume that the UAVs are distributed on an aerial 2D plane. While Mozaffari et al. [8] assume that the UAVs are distributed in a 3D space. With theoretical results, it can be determined how to deploy the UAVs, such as whether to deploy UAVs on an aerial 2D plane or in a 3D space.
In this paper, the capacity of UAV relaying networks is studied with aerial 2D and 3D deployment of UAVs, as depicted in Fig. 1 and Fig. 2 . It is discovered that in order to control the aggregated air-to-ground interference, the altitude of UAVs is at most in the same order to the distance between two adjacent UAVs. Besides, the path-loss exponent α = 2.5 is a watershed for the capacity of UAV relaying networks. When α ≤ 2.5, the capacity of UAV relaying networks with 2D deployment of UAVs is larger than that with 3D deployment of UAVs. Otherwise, the capacity of UAV relaying networks with 3D deployment of UAVs is larger than that with 2D deployment of UAVs. We have also verified that the mobility can improve the capacity of UAV relaying networks. With mobility control, the capacity of UAV relaying networks increases linearly with the number of UAVs, which is larger than the capacity of UAV relaying networks without mobility.
The remainder of this paper is organized as follows. Section II studies the UAV relaying networks without mobility. Section III studies the UAV relaying networks with mobility. In Section IV, the main conclusions are discussed. In Section V, we summarize this paper. The key parameters and notations are provided in Table 1 . 
II. UAV RELAYING NETWORKS WITHOUT MOBILITY A. NETWORK MODEL
In this paper, UAVs act as aerial relays. Two scenarios that UAVs are distributed on an aerial 2D plane and in a 3D space are considered. As illustrated in Fig. 1 , n UAVs are regularly distributed on an aerial square plane with side length s and altitude h. The UAVs forward the data for the m randomly distributed ground users. The entire square is divided into n small squares with side length s n = s √ n . Each small square contains a UAV. The small square is called ''UAV cell'' and the projection of a UAV cell on the ground is called ''ground cell''. Each UAV is responsible for the communications of the users in its ground cell. As shown in Fig. 1 , when the ground user A sends data to the ground user B, it firstly transmits data to the UAV D 1 . Then the data is transmitted in a multi-hop manner from the UAV D 1 to the UAV which covers the ground user B, i.e., the UAV D 4 . Finally, the data is transmitted from the UAV D 4 to the ground user B.
3D deployment of UAVs is illustrated in Fig. 2 , where n UAVs are regularly distributed in a cuboid with minimum and maximum altitudes h 1 and h 2 respectively. The top and bottom surfaces of the cuboid are squares with side length e. Hence, the size of the cuboid is e×e× h with h = h 2 −h 1 . The cuboid is divided into n small cubes with side length e n = e 2 h n 1/3
. As illustrated in Fig. 2 , the projection of the h e n vertical small cubes on ground is the ground cell. In contrary to Fig. 1 , multiple UAVs relay data for the users within one ground cell. As illustrated in Fig. 3 , the UAV above a ground cell can relay data for the users within the ground cell. The data of a ground user is still transmitted to the destination via multiple hops. For example, the data of the ground user A can be sent to the ground user B via the UAVs
The channel power gain is
where d is the distance between transmitter (TX) and receiver (RX). α > 2 is the path-loss exponent. The air-to-air communication is omnidirectional. The wireless channel W is divided into nonoverlapping sub-channels W 1 , W 2 and W 3 with W 1 +W 2 + W 3 = W . The transmission from the ground user to the UAV in the corresponding UAV cell goes through channel W 1 . The data is transmitted among UAVs over channel W 2 . The transmission from the UAV to the ground user takes channel W 3 .
B. NETWORK PROTOCOLS 1) 2D DEPLOYMENT OF UAVs
There are m ground users and each ground cell averagely contains s 2 n m s 2 users. In the UAV layer, the 9-TDMA scheme [18] , [21] is adopted to allocate the time slots for UAV network.
When a UAV cell is active, the data is transmitted from the source ground user to the UAV on channel W 1 . Note that the ground-to-air communication adopts TDMA scheme. The active time slot is divided into multiple packet slots and each ground user under the active UAV cell takes one packet slot to transmit data to the active UAV. Thus, at a time instant, only one ground user transmits data to the active UAV. Meanwhile, the UAVs form an ad hoc network. The data of source ground user is transmitted on channel W 2 to the UAV which covers the destination ground user following straight-line routing [18] , [20] . When the UAV over the destination ground cell is active, the data is transmitted from the UAV to the destination ground user on channel W 3 . Similarly, the airto-ground communication adopts TDMA scheme. Hence at a time instant, only one ground user receives data from the UAV in the corresponding UAV cell.
In order to guarantee a constant received signal strength, the transmit power of UAV is P 0 d α with constant P 0 , where d is the distance between TX and RX. For the air-to-air
2s n . Hence the data in a UAV cell can be transmitted to the adjacent UAV cells within one hop.
2) 3D DEPLOYMENT OF UAVs
The average number of ground users in each ground cell is e 2 n m e 2 . In the UAV layer, the 27-TDMA scheme [19] , [21] is adopted to allocate the time slots for UAV network. When a UAV is active, the data is transmitted from the source ground user to one of the UAVs above the ground cell on channel W 1 .
The ground-to-air communication adopts TDMA scheme. Each ground user takes one time slot to transmit data to one of the UAVs above the ground cell. As illustrated in Fig. 3 , in contrary to 2D deployment of UAVs, a ground cell with 3D deployment of UAVs has multiple UAVs over it. Similar to 2D UAV relaying networks, the data of source ground cell is transmitted on channel W 2 to the UAV which covers the destination ground user following straight-line routing. Finally, data is forwarded from the UAV to the destination ground user on channel W 3 . Similarly, the air-toground communications in 3D UAV relaying networks still adopt TDMA scheme. 3e n to guarantee that the data in a small cube can be transmitted to the adjacent cubes in one hop. In the following sections, we study the capacity of UAV relaying networks, which is characterized by the capacity of ground user served by UAVs.
C. CAPACITY OF UAV RELAYING NETWORKS
In this section, the air-to-ground interference is studied, which reveals the relation between the air-to-ground interference and the altitude of UAVs. Then the capacity of ground user for the 2D and 3D deployments of UAVs is derived.
1) THE AIR-TO-GROUND INTERFERENCE
The following lemma reveals the features of the air-to-ground aggregated interference.
Lemma 1: For the 2D deployment of UAVs with omnidirectional air-to-ground transmissions, when h
, the aggregated interference from UAVs to the ground user is finite. Otherwise, the aggregated interference from UAVs to the ground user is infinitely large.
Proof: As illustrated in Fig. 5 , a typical ground user Q on the edge of the ground cell under UAV A is considered. In order to guarantee the coverage of the users on the edge of ground cell, the transmit power of UAV A is
as mentioned in Section II-B.1. Thus the received signal strength of the user Q is constant. The received interference of the user Q is
where (a) takes summation from the first ring to the ξ -th ring and ξ is the number of rings where the interfering UAVs are distributed. As illustrated in Fig. 4 , there are 8k interfering UAVs in the k-th ring. X g (i) is the coordinates of the user Q. X a (k) is the coordinates of the kth UAV. The relation between ξ and n is
Then, the interference generated by all the UAVs is studied in the following cases.
1) h = c 1 s n with constant c 1 , i.e., h has the same order as s n . In this scenario, the interference is
Since α > 2, the series in (3) is convergent, and the interference is a constant. 2) h = o (s n ). In this scenario, the aggregated interference is expressed as
Similar to case 1, the interference is a constant.
3) h = w(s n ). In this scenario, the aggregated interference is as follows.
Letting
Because 2(4t − 1) < 8t < 3(4t − 1), the lower bound of I D (i) can be obtained by replacing 8t with 2(4t − 1). Thus we have
where ( 
In this situation, I D (i) is infinitely large.
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4) h = c 2 , namely, h is constant. In this situation, the interference is
Using the similar techniques as in the case 3, it can be verified that I D (i) is infinitely large.
Lemma 1 provides the characteristics of the air-to-ground aggregated interference. For the ground-to-air interference, the similar results in Lemma 1 can be obtained since there is only one ground user transmitting at a moment.
According to Lemma 1, the interference is finite only when the altitude of UAVs is at most in the same order to the side length of UAV cell, i.e., h = (s n ) or h = o (s n ). The airto-ground aggregated interference increases with the increase of the altitude of UAVs. A dilemma implied by Lemma 1 is that when the number of UAVs is increasing to infinity, the altitude of UAVs should be decreased to infinitely small such that the aggregated air-to-ground interference is finite.
The deployment of UAVs strongly relies on the environment. In the open area, the condition h = (s n ) or h = o (s n ) can be satisfied. However, In the scenarios where there are trees, mountains or buildings in the deployment area of UAVs, there are constraints for the altitude of UAVs because UAVs need to avoid collisions. Thus, there is a probability that the condition h = (s n ) or h = o (s n ) can not be satisfied. In these scenarios, the omnidirectional air-to-ground transmissions are not applicable since the aggregated air-toground interference is infinitely large according to Lemma 1.
Then, each UAV tunes its antenna tilt to cover its ground cell, such that the interference to adjacent ground cells can be avoided.
The air-to-ground interference for 3D deployed UAVs can be similarly derived using the techniques in Lemma 1. According to the network protocols for the 3D deployment of UAVs, there are one of the UAVs above a ground cell transmitting to the ground user within the ground cell at a time instant. Therefore, if h 1 = (e n ) or h 1 = o (e n ), the airto-ground interference is finite. Otherwise, each UAV tunes its antenna tilt to cover its ground cell, such that the air-toground interference is controlled.
2) CAPACITY OF 2D UAV RELAYING NETWORKS
There are averagely
users in each ground cell. The UAVs are regularly deployed in a square and communicate with each other in a multihop manner, which form a 2D regular ad hoc network. The capacity of ground networks is as follows.
Theorem 1: The capacity of ground user with the 2D deployment of UAVs is
Proof: The capacity of 2D regular ad hoc network can be derived by replacing the term d n in [18, Lemma 5.10] with √ 2s n . With some manipulations, the per-node capacity of 2D regular ad hoc network is
The capacity of ground-to-air link is constant, while the capacity of air-to-air link is 1 √ n . Hence the air-to-air link is the bottleneck for the capacity of ground networks. The capacity λ 2D,a (n) is shared by k users in a ground cell. The capacity of ground user is
which is derived as (11) . According to (11) , λ 2D,g (n) is an increasing function of the number of UAVs. Meanwhile, λ 2D,g (n) is a decreasing function with respect to the number of ground users.
3) CAPACITY OF 3D UAV RELAYING NETWORKS
When UAVs are deployed in 3D space, the UAVs form a 3D regular ad hoc network. The per-node capacity of 3D regular ad hoc networks is provided as follows [19] .
Lemma 2 [19]: The achievable per-node capacity of 3D regular ad hoc network is
Using this lemma, the following theorem can be derived. 
Proof: The number of UAVs serving the users within a ground cell is
where the term 1 3 is due to the 27-TDMA scheme and at most one third of the UAVs over the ground cell are active.
There are averagely k = e 2 n m e 2 = m n 2/3 users in each ground cell. The capacity of ground-to-air link is constant, which is shared by k users in a ground cell. When the pathloss exponent is α > 3, the per-node capacity of 3D regular ad hoc network is maximum, which is λ 3D,a = n −1/3 . There are n s UAVs serving the users within a ground cell simultaneously, which can provide the capacity of n s n −1/3 =
1/3
(1) for a ground cell when α > 3. Thus when α > 3, the capacity of ground cell is λ cell = (1).
When α = 3, the UAVs over a ground cell can provide the following capacity for the ground cell.
Notice that the capacity of ground-to-air link is constant. Hence (17) is the bottleneck for the capacity of ground cell. When α = 3, the capacity of ground cell is
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Similarly, we can derive the capacity of ground cell for different cases of α as follows.
where R ga is the capacity of ground-to-air link, which is a constant. Notice that when α ≤ 3, the capacity of ground cell is constraint by the capacity of the UAVs over the ground cell. However, when α > 3, the capacity of the UAVs over the ground cell is constant. Thus in this situation, the capacity of ground cell takes the minimum value of R ga and n s n −1/3 . The capacity λ cell (n) is shared by k = m n 2/3 users within a ground cell. The capacity of ground user is derived as (15) .
According to Theorem 2, the capacity of ground user with the 3D deployment of UAVs is an increasing function of the number of UAVs. And the capacity of ground user is a decreasing function of the number of ground users. Besides, the path loss exponent α has an impact on the capacity of ground user. When 2 < α < 3, the capacity of ground user is increasing with α. When α ≥ 3, the capacity of ground user is maximum and does not increase with the increase of α.
III. UAV RELAYING NETWORKS WITH MOBILITY A. NETWORK MODEL
The mobility of UAVs can be controlled to improve the capacity of UAV relaying networks. As illustrated in Fig. 7 , a control station is placed on ground to dispatch and collect UAVs. The 2D aerial square with side length s and altitude h is divided into n rectangles. Each UAV is responsible for the data delivery of the ground users below the rectangle. Take UAV A for an example, UAV A is responsible for the data delivery of the ground users under the shaded rectangle. UAV A flies from the control station to the bottom of the shaded FIGURE 7. The UAV relaying networks with mobility.
rectangle following the flight path in Fig. 7 . During the flying period, UAV A will transmit data to the ground users below the shaded rectangle. Then UAV A returns back to the control station following the same flight path. During the returning period, UAV A will collect the data of the ground users below the shaded rectangle and brings the data to the control station. The data can be brought to the destination ground users by the departure UAVs.
Take ground users A and B in Fig. 7 as an example. When user A sends data to user B, user A firstly transmits data to the UAV A when UAV A is returning to the control station. Then the data is brought to the control station. When UAV B is departing from the control station and flying over the ground user B, UAV B will send the data of ground user A to ground user B. With this method, the ground user can send data to another ground user with exploiting the mobility of UAVs.
B. NETWORK PROTOCOLS
The 2D aerial square is divided into n 2 small squares with side length s * n = s n , which is called UAV cell. The projection of the small squares on ground is called ground cell. Similar to Section II-C, each UAV tunes its antenna tilt to cover its ground cell. Hence, the interference from a UAV to adjacent ground cells can be avoided.
In the UAV relaying networks exploiting the mobility of UAVs, the transmissions between UAVs do not exist. When a UAV is flying forward, the UAV transmits data to the ground users within a ground cell using TDMA scheme. When a UAV is returning to the control station, the ground users within a ground cell transmit data to the returning UAV using TDMA scheme.
C. CAPACITY OF UAV RELAYING NETWORKS
The capacity of UAV relaying networks exploiting the mobility of UAVs is provided in the following theorem.
Theorem 3: In the UAV relaying networks using the mobility of UAVs, the capacity of ground user is
Proof: In order to maximize the capacity of UAV relaying networks, when the UAV returns to the control station, the energy is exhausted. Without loss of generality, we study the UAV A . Hence the time that a UAV is receiving data from the ground users is
where t 0 is the flight duration of the UAV. The time that UAV A passing through the UAV cell, namely, the time that UAV A is receiving data from a ground cell is
For UAV A , the amount of collected data per unit time within a ground cell is
The data rate ga (n) is shared by m n 2 ground users within a ground cell. Hence the transmit data rate of a ground user is
Because of symmetry, when UAV A is flying forward, the per-node air-to-ground capacity that UAV A can provide is λ ag (m, n) = λ ga (m, n).
The per-node capacity of ground user exploiting the mobility of UAVs is min λ ag (m, n), λ ga (m, n) , which is (20) .
According to Theorem 3, the capacity of UAV relaying networks with mobility is an increasing function of the number of UAVs. And the capacity is a decreasing function of the number of ground users.
IV. DISCUSSION A. THE CAPACITY OF 2D AND 3D UAV RELAYING NETWORKS
As illustrated in Fig. 8 , the capacity of 3D UAV relaying networks λ 3D,g (n) is an increasing function of the path loss exponent α when 2 < α < 3. The λ 3D,g (n) is not continuous at the point α = 3. When α > 3, the λ 3D,g (n) does not change with the increase of α. Besides, the path loss exponent does not have an impact on the capacity of 2D UAV relaying networks λ 2D,g (n). Comparing (11) with (15) , a critical observation is that when the path-loss exponent α ≤ 2.5, the capacity of ground user with 2D deployment of UAVs is larger than that with 3D deployment of UAVs. On the contrary, when α > 2.5, the capacity of ground user with 3D deployment of UAVs is larger than that with 2D deployment of UAVs. This observation is illustrated in Fig. 8 . When α = 2.5, there is an intersection between the curves of λ 3D,g (n) and λ 2D,g (n).
The critical path-loss exponent α = 2.5 implies that in the scenario where the path-loss exponent is larger than 2.5, such as in the low-altitude urban area, the UAVs should be deployed in 3D space. However, in the scenario where the path-loss exponent is smaller than 2.5, such as the highaltitude open area, the UAVs should be deployed in 2D aerial plane. Fig. 9 illustrates the relations between the capacity of UAV relaying networks with the number of UAVs, where the capacity of 3D UAV relaying networks takes values when α > 3. According to Theorem 3, the capacity of UAV relaying networks with mobility, namely, the λ mobility (m, n) increases linearly with the number of UAVs n. However, for the UAV relaying networks without mobility, the capacity of 2D UAV relaying networks increases with the order of √ n m . And the maximum capacity of 3D UAV relaying networks increases with the order of n 2/3 m . Notice that the capacity of UAV relaying networks with mobility is the larger than that without mobility. Hence the mobility of UAVs improves the capacity of UAV relaying networks. 
B. THE CAPACITY OF UAV NETWORKS WITH AND WITHOUT MOBILITY

V. CONCLUSION
We study the capacity of UAV relaying networks. It is revealed that if the altitude of UAVs is at most in the same order to the distance between two adjacent UAVs, the air-to-ground links adopt omnidirectional transmissions. Otherwise, each UAV controls its antenna tilt to cover the corresponding ground cell. Besides, the path-loss exponent α = 2.5 is discovered as a watershed for the capacity of VOLUME 7, 2019 the UAV relaying networks. The capacity of UAV relaying networks with mobility is also studied. It is revealed that the capacity of UAV relaying networks with mobility increases linearly with the number of UAVs, which is larger than that without mobility. The mobility, which is the natural feature of UAVs, can be exploited to improve the capacity of UAV relaying networks. This paper has revealed fundamental laws of UAVs supported communications and provides the knowledge for the deployment of UAV relaying networks.
